The Xist long noncoding RNA (lncRNA) is essential for X-chromosome inactivation (XCI), the process by which mammals compensate for unequal numbers of sex chromosomes [1] [2] [3] . During XCI, Xist coats the future inactive X chromosome (Xi) 4 and recruits Polycomb repressive complex 2 (PRC2) to the X-inactivation centre (Xic) 5 . How Xist spreads silencing on a 150-megabases scale is unclear. Here we generate high-resolution maps of Xist binding on the X chromosome across a developmental time course using CHART-seq. In female cells undergoing XCI de novo, Xist follows a two-step mechanism, initially targeting gene-rich islands before spreading to intervening gene-poor domains. Xist is depleted from genes that escape XCI but may concentrate near escapee boundaries. Xist binding is linearly proportional to PRC2 density and H3 lysine 27 trimethylation (H3K27me3), indicating co-migration of Xist and PRC2. Interestingly, when Xist is acutely stripped off from the Xi in post-XCI cells, Xist recovers quickly within both gene-rich and gene-poor domains on a timescale of hours instead of days, indicating a previously primed Xi chromatin state. We conclude that Xist spreading takes distinct stage-specific forms. During initial establishment, Xist follows a two-step mechanism, but during maintenance, Xist spreads rapidly to both gene-rich and gene-poor regions.
Xist RNA is a prototype lncRNA with global epigenetic function [1] [2] [3] 6 . The initiation of XCI depends on Xist 7 and loading of the Xist-PRC2 complex at a nucleation site within the Xic 8 . Thereafter, Xist RNA forms a ''cloud'' over the X-chromosome, signalling the initiation of chromosome-wide silencing 4 . Concurrently, PRC2 accumulates broadly along the X-chromosome 9 . Although Xist RNA coats the Xi at cytological resolution, whether and where Xist binds at molecular resolution remains unknown. In one model, Xist targets PRC2 to the Xic, but outward spreading of PRC2 does not involve Xist. Alternatively, both nucleation and spread involve Xist, in which case Xist and PRC2 would co-migrate at a molecular scale.
We mapped genome-wide binding locations of Xist RNA by performing CHART-seq (capture hybridization analysis of RNA targets with deep sequencing), a technique to localize lncRNAs on chromatin using complementary oligonucleotides to enrich for DNA targets 10 (Extended Data Fig. 1a ). We designed a cocktail of 11 complementary oligonucleotides for Xist CHART based on conserved or functional Xist domains 7, [11] [12] [13] and RNase H mapping for accessibility (Extended Data Fig. 1b , c and Extended Data Table 1 ). Allele-specific CHART-seq was performed at four developmental stages (Extended Data Fig. 1d ): before XCI in undifferentiated female mouse embryonic stem (ES) cells (d0; ,1% of nuclei XCI positive, showing an Xist cloud or H3K27me3 focus), early-XCI (d3; ,10% positive), mid-XCI (d7; 40-50% positive), and post-XCI (mouse embryonic fibroblast (MEF) clone, .95% positive). About 600,000 sequence polymorphisms between the Mus musculus (mus) and Mus castaneus (cas) X-chromosomes enabled ,35% allelespecific mapping to Xi and Xa (active X chromosome), respectively 9 .
Disabling the mus Tsix allele in the female ES cells ensured that the mus X will be Xi 14 . We validated results by comparing two independent capture oligonucleotide sub-mixtures and an alternative 40-oligonucleotide cocktail targeting across the length of Xist (Extended Data Fig. 2a -e and Extended Data Table 1 ). Regions with significant Xist enrichment localized almost exclusively to Xi (.99% X-linked, P , 0.001; .90% Xi-skewed, P , 0.05, Extended Data Fig. 2f , g, i). On autosomes, binding was minimal and of questionable significance. Enriched segments were not complementary to capture-oligonucleotides and showed minimal enrichment on Xa of d0, d3, d7 and MEF cells. Enrichment was not observed using sense control oligonucleotides (Extended Data Fig. 2a , c). These experiments excluded artefactual enrichment, validating Xist CHART-seq specificity.
The dominant CHART peak was in Xist exon 1 and was specific to Xi ( Fig. 1a) . A developmental time course demonstrated a progression in Xist density, with enriched segments increasing from ,0.1% coverage of the X in pre-XCI cells to approximately 20% in early-and mid-XCI, and approximately 54% in post-XCI cells (Fig. 1b , c and Extended Data 2h). Thus, Xist RNA not only forms a cytological cloud but also binds broad swaths of the Xi at molecular resolution. Xist could either spread uniformly along the Xi or target specific regions. Intriguingly, in cells undergoing XCI (d3, d7), Xist preferentially targeted multimegabase domains (Fig. 1c ). In post-XCI MEFs, Xist spread into intervening gene-poor regions throughout the Xi. The d3 and d7 patterns were more similar to each other than to MEF patterns ( Fig. 1d , e and Extended Data Fig. 3a ). Furthermore, comparative analysis identified MEF-specific domains not found during XCI (Fig. 1e ). Despite heterogeneity in the onset of XCI in the ex vivo ES differentiation system, the highly similar d3 and d7 distributions show that Xist targets generich domains first. Extension of ES differentiation to d10 showed statistically significant filling in of gene-poor domains (Extended Data Fig. 3b , c), although not to the extent observed in somatic cells (MEFs). We infer that full spreading across Xi may only be achieved later in development, once differentiation into somatic lineages occurs. Thus, during de novo XCI in the embryo, Xist probably follows a two-step pattern of spreading, first targeting gene-rich clusters (hereafter, 'early' domains) and eventually spreading to intervening gene-poor regions ('late' domains). Throughout the process, gene bodies of escapees 15, 16 were depleted of Xist, but occasionally demonstrated Xist enrichment in flanking regions ( Fig. 1f and Extended Data Fig. 4 ), indicating boundaries that sequester Xist and prevent spreading into neighbouring privileged escapee loci.
We investigated what might target Xist to early domains by comparisons with various chromatin features (see Methods) 9, [17] [18] [19] [20] [21] [22] . Interestingly, Xist is more likely to target genes in regions of active chromatin in ES cells. Allele-specific RNA sequencing analysis demonstrated the preference of Xist for genes that are active (for example, on the Xa and in d0 and d7 cells) and showed skewed expression in d7 ES cells and in MEFs 
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Step 2 LETTER RESEARCH element-1 (LINE1) (r 5 20.54), and lamin-associated domains (LADs, r 5 20.48) 23 . Xist partitioning did not correlate with cytogenetic banding on the X chromosome ( Fig. 1h ) 19, 24 . LINE1s have been proposed as spreading elements 25 , but repetitive reads from Xist CHART-seq aligning to LINE1 were not enriched over input (Extended Data Fig. 5c ). The localization of Xist showed modest positive correlation with Xic looping contacts inferred from HiC (high-throughput chromosome conformation capture) 18 through an anchor within the Xist locus ( Fig. 1h and Extended Data Fig. 5b ). Together, these data support a role for open chromatin in guiding Xist, with Xist coming into contact with gene-rich regions (early domains) first, and spreading secondarily to more distal gene-poor inter-regions (late domains). Given co-nucleation of Xist and PRC2 at the Xic 8 , we asked whether Xist continues to associate with PRC2 during spreading. Comparison of Xist, EZH2 and H3K27me3 enrichment revealed strikingly similar chromosome profiles across time ( Fig. 2a and Extended Data Fig. 6a-c) . By contrast, PRC2 and H3K27me3 densities on Xa did not correlate with Xist, nor did those on chromosome 13, a representative autosome (Extended Data Fig. 6a ). Consistent with the idea that Xist directs PRC2 localization onto Xi 5 , Xist densities demonstrated an extensive linear relationship with EZH2 and its product H3K27me3 across the X chromosome in mid-XCI but not pre-XCI cells (Fig. 2b) . Correlation with the H3K4me3 control (active mark) was poor. In MEFs, densities of H3K27me3 and Xist remained highly correlated, whereas reduced densities of PRC2 were observed during maintenance. Interestingly, Xist densities were not necessarily greater at previously defined ''PRC2 strong sites'' 9 (Extended Data Fig. 6d , e); instead, Xist densities showed a general correlation with Xi-specific PRC2 enrichment (Extended Data Figs 5b and 6d, h). This supports the idea that strong sites are Xist-independent (as indeed they are present in d0 cells 9 ) and indicate that Xist and PRC2 co-migrate to new regions within the early domains on the Xi.
Establishment phase Maintenance phase
We then asked if localization mechanisms were inherent to Xist RNA or chromatin context. In perturbation experiments, we stripped away Xist RNA and observed recovery on the Xi of MEFs at 1 h, 3 h and 8 h. Locked nucleic acids (LNA) directed against repeat C of Xist RNA prevented nucleation and therefore spreading 13 . RNA fluorescence in situ hybridization (FISH) showed that LNA-4978 did not overtly perturb Xist at 1 h, but led to full Xist displacement by 3 h, with Xist reassociation at 8 h (Fig. 3a) . As reassociation requires newly synthesized Xist rather than relocalization of displaced Xist 13 , reassociation must depend on outward spreading of new RNA from the Xic, just as during XCI establishment.
Interestingly, however, CHART-seq revealed a pattern not evident cytologically by RNA FISH. At 1 h, when Xist was still visualized on Xi (Fig. 3a) , CHART-seq demonstrated a relative loss in late domains ( Fig. 3b-d) , indicating that Xist binds more weakly to gene-poor than to gene-rich regions, and consistent with the banded pattern of Xist on the metaphase Xi observed cytologically 24 . At 3 h, Xist was strongly depleted from both regions. At 8 h, partial recovery was evident in both regions. However, unlike spreading during de novo XCI (d3, d7), spreading of Xist during the somatic maintenance phase (MEF) did not follow a two-step process, as Xist reassociation in early and late domains occurred simultaneously ( Fig. 3b-d) . Therefore, spreading during de novo XCI was restricted to early domains and occurred on a timescale of days in the ex vivo system. In contrast, recovery and re-spreading in post-XCI cells occurred more generally in both domains and on a timescale of hours. This quantitative difference is significant, with accumulation in late domains appearing on the same timescale as early domains during the recovery period after Xist knockoff (Fig. 3e-g and Extended Data Figs 7 and 8) . Similar results were observed using an independent LNA, LNA-C1, targeted to a different sequence in the repeat C region and in multiple replicates ( Fig. 3a and Extended Data  Figs 2d, 3a, 7 and 8 ). Despite LNA-C1 being faster acting 13 (Fig. 3a) , LNA-C1 and LNA-4978 treatment resulted in remarkably similar Xist knockoff and recovery on Xi.
Taken together, these data provide evidence for distinct mechanisms of Xist spreading during establishment (de novo XCI) in early embryonic cells, when spreading occurs in a two-step fashion (early to late domains), and during maintenance in somatic cells, when Xist spreads more generally into both early and late domains (Fig. 3h ). The Xi may retain an epigenetic memory of Xist 26 , enabling more efficient spreading during maintenance. As Xist mostly dissociates from the Xi during mitosis 4 , epigenetic memory could facilitate the resynthesis of Xist and re-spreading in G1, and duplication of Xist patterns after DNA replication. Indeed, the continued action of Xist is essential for maintenance of XCI 27 . In summary, we have illuminated the mechanism by which Xist spreads on a 150-Mb scale. Comparing localization dynamics of Xist relative to other lncRNAs (E. Hasiculeyman and J. Rinn, personal communication) and three-dimensional conformations 28 may prove highly informative for understanding general mechanisms of RNA-directed chromatin change.
METHODS SUMMARY
Cells were grown as previously described 9 . RNA was isolated and sequenced using a modified adaptor ligation protocol, and Xist localization determined by CHART 10 with several modifications as detailed in the extended Methods. LNAs (Exiqon) that target Xist were previously described 13 . Bioinformatics Core. We also acknowledge funding from Yale University start-up funds to M.D.S., the Deutsche Forschungsgemeinschaft to S.F.P. and V.K.M., the MGH Fund for Medical Discovery to S.F.P., and the National Institutes of Health (grant F32-GM090765 to K.S., RO1-GM043901 to R.E.K., and RO1-GM090278 to J.T.L.). J.T.L. is an Investigator of the Howard Hughes Medical Institute. 
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METHODS
Capture oligonucleotides. Capture oligonucleotides were designed based either on repetitive sequences in Xist RNA (X.A, X.C, Extended Data Fig. 1b and Extended Data Table 1 ), or by using RNase H mapping 10 of functional regions of Xist 12 to identify sites in Xist RNA available for hybridization in crosslinked chromatin extracts (Extended Data Fig. 1c and Extended Data Table 1 ). Regions of sensitivity were further interrogated by BLAST to identify oligonucleotides both with minimal cross-hybridization potential to other RNAs and genomic sites, as well as similar melting temperatures. Oligonucleotides were either synthesized as previously described on an Expedite Oligo synthesizer and purified using reverse phase cartridges (Poly-Pak II, Glen Research) 10 , or ordered commercially (IDT, 39-biotin-TEG, iSp18 spacer modified, salt free) and used without further purification. Alternative capture oligonucleotides. Alternative capture oligonucleotides (CO40; see Extended Data Fig. 2a, c, d) were designed using the oligowiz software 30 limiting lengths to 22-28 nucleotides and otherwise default parameters. Mouse (mm9) transcripts were screened to minimize cross-hybridization to off-target transcripts and 40 oligonucleotides (out of 263 candidates) were picked manually to cover the length of the Xist transcript in ,300-500 nucleotide intervals where possible (Extended Data Table 1 ). Standard unmodified desalted oligonucleotides were ordered commercially (IDT), resuspended and pooled. 39 biotinylation of pooled oligonucleotides was carried out as previously described 31 using biotin-16-UTP, and biotinylated oligonucleotides recovered after a single chloroform extraction and nucleotide removal (Qiagen). Xist CHART enrichment. Clonal female MEFs 32 and female Tsix STOP ES cells 14 were cultured as previously reported 9 , including differentiation of ES cells by LIF withdrawal. Xist CHART enrichment was performed as previously reported 10 with minor modifications. Briefly, 10 8 cells were crosslinked initially with 1% formaldehyde for 10 min at room temperature. The crosslinking reaction was stopped by adding 0.125 M glycine. After washing 3 times with PBS, crosslinked cells were re-suspended in 10 ml sucrose buffer, dounced 20 times with a tight pestle, and kept on ice for 10 min. Nuclei were collected by centrifugation at 1,500g for 10 min on top of a cushion of 25 ml glycerol buffer. Nuclei were further crosslinked with 3% formaldehyde for 30 min at room temperature. After washing three times with PBS, nuclei were extracted once with 50 mM HEPES pH 7.5, 250 mM NaCl, 0.1 mM EGTA, 0.5% N-lauroylsarcosine, 0.1% sodium deoxycholate, 5 mM DTT, 100 U ml 21 SUPERasIN (Invitrogen) for 10 min on ice, and centrifuged at 400g for 5 min at 4 uC. Nuclei were resuspended in 1.5 ml 50 mM HEPES pH 7.5, 75 mM NaCl, 0.1 mM EGTA, 0.5% N-lauroylsarcosine, 0.1% sodium deoxycholate, 5 mM DTT, 100 U ml 21 Figs 2e, 4d) . Library preparation, replicates and sequencing. Sequencing libraries were either constructed by standard ChIP-seq protocols by the Yale Center for Genomic Analysis (YCGA), or as described previously 33 . Briefly, sequencing libraries were prepared by first repairing DNA-ends, A-tailing, ligating to universal adapters, and amplifying for 12 cycles with indexed primers. Excess adapters were removed by purification with Agencourt AMPureXP beads (Beckman Coulter) before sequencing. Sequencing was performed at the YCGA on Illumina HiSeq 2500 instruments. To confirm Xist distribution on the X chromosome, we produced biological replicates for d0, d7, MEF, and technical replicates for d3 and LNA knockoff experiments. Except for d0 where Xist CHART-seq showed mostly background signals, all replicates showed excellent positive correlation (Pearson's r < 0.9, Extended Data Fig. 2d ). In addition, the replicates of ES d3 and d7 confirmed the specific enrichment in early domains and depletion at late domains. For LNA knockoff experiments, recovery profiles of Xist were confirmed by re-CHART replicates of LNA-4798 at 3 h and 8 h. We further confirmed our LNA knockoff results with a time course for LNA C1, which targets a different sequence within the repeat C region of Xist (see Fig. 3 and Extended Data Figs 7 and 8) .
RNA-seq library. RNAs greater than 200 nucleotides from d7 cells and MEFs were purified using the mirVana RNA extraction kit (Ambion), cleared of ribosomal RNA (Ribozero, Epicentre) and sheared to a median size of 200 nucleotides using the Covaris S2 sonicator. After treatment with T4 polynucleotide kinase, a commercial 59 adenylated linker (miRNA Cloning Linker 1, IDT) was ligated to the 39 end of RNAs using T4 RNA ligase 2 (truncated, NEB) followed by reverse transcription (SuperScriptIII, Invitrogen) using a primer (CCGATCTATTGATGGT GCCTACAG) matching the linker. After reverse transcription, RNA was hydrolysed in 10 mM Tris pH 10, 5 mM MgCl 2 at 95 uC for 15 min and cDNA products greater than 100 nucleotides size selected and purified on AMPureXP. A barcoded (NNNNNN) 59 phosphorylated linker (GATCGGAAGAGCACACGTCTGAAC TCCAGTCACCNNNNNNATCTCGTATGCCGTCTTCTGCTTGddC) matching Illumina adapters was ligated to the 39 end of the cDNA using T4 RNA ligase 1 (NEB) and directly amplified using custom forward (AATGATACGGCGACC ACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATTGAT GGTGCCTACA*G) and reverse (CAAGCAGAAGACGGCATACGA*G) primers (* denotes phosphorothioate bond at 39 terminal nucleotides), matching the Illumina TruSeq primers. Sequencing of purified libraries was carried out on an Illumina HiSeq instrument for either paired or single-end 50 nucleotides reads. Reads were aligned allele-specifically to 129S1/SvJm (mus) and CAST/EiJ (cas) genomes using Tophat2 43 with the ''b2-sensitive'' preset and otherwise default parameters (further described in 'Allele-specific alignments'). After removal of PCR duplicates, all unique reads mapping to gene bodies were summed for cas, mus and comp tracks. Read numbers over genes in the allelic tracks were used to calculate skew (mus 2 cas/mus 1 cas) and genes skewed significantly (P , 0.01, cumulative binomial probability) in d7 cells and MEFs were plotted ( Fig. 1c and Extended Data Fig. 5a ). A skew of 20.5 corresponds to threefold difference in inferred expression between Xa and Xi, equal to 67% inactivation of the Xi gene. LNA displacement. LNAs synthesized by Exiqon were introduced into mouse embryonic fibroblasts (MEFs) as previously described 13 . Briefly, 2 3 10 6 cells were resuspended in 100 ml MEF nucleofector solution with LNAs at a final concentration of 2 mM and nucleofected using a T-20 program. Fresh culture medium was added to the cells and they were collected and formaldehyde crosslinked at the time points indicated. Allele-specific alignments. Paired-end sequencing data from CHART-seq were aligned allele-specifically as previously described 9 . Briefly, each data set was aligned to variant CAST/EiJ and 129S1/SvJm genomes constructed using high quality polymorphisms 34 to the C57/Bl6 reference genome (mm9 build). Pairs aligning to only one variant genome and pairs aligning better to one variant genome (in number of nucleotide edits to reference) than the other were retained (allelespecific), as were pairs aligning equally well (non-allele-specific). Only unique pairs were used for this analysis and approximately half of all pairs in the CHART-seq data provided allelic information. Generation of normalized coverage tracks. Xist CHART-seq reads were filtered for quality and repetitive alignments; low-quality alignments and duplicate reads were removed. The resulting files were analysed using SPP software 29 . In this analysis, all tags were included and the coverage generated with smoothing using 1-kb bins every 500 bp to generate input-subtracted, normalized read densities. To account for different read depths across data sets, each coverage file was scaled using the total positive read density on an autosome (chromosome 4) from the corresponding composite track (that is, the mus, cas and comp tracks were all scaled using the same factor). These data were visualized with either the IGV 35 or UCSC genome browser 36 displaying all tracks using a mean windowing function and scales indicated in each figure. We note that other methods to generate normalized coverage files, including the generation of conservative enrichment and maximum likelihood estimates, resulted in similar distribution patterns, but did not aid in comparisons across data sets with diverse read depths. To determine regions of Xist recovery after LNA treatment, in addition to the normalization and analysis described above, we separately subjected data from 8 h LNA-4978 treatment and 8 h LNA-C1 (time points with partial recovery of Xist density) to RESEARCH LETTER normalization using 3 h LNA-4978 and 1 h LNA-C1 reads, respectively (the time point where most of Xist has been removed from the chromatin). The recoveries were determined using the maximum likelihood estimate function in SPP (Fig. 3b , Extended Data Fig. 7b , indicated by ''MLE'').
Identification of Xist-enriched segments. Significant segments of Xist enrichment were determined using Epicentre software 37 using a whole-genome semidynamic 5-kb window scan, and selecting only windows with P , 0.001 from an exact-rate ratio test. The distribution of the overlap between enriched segments and genomic features (Extended Data Fig. 2h ) was determined using CEAS 38 .
Meta-site and meta-gene analysis. Smoothed normalized read density for ChIP and CHART experiments generated as described above, (with the exception that these were calculated with 2,000-bp windows recorded every 50 bp to avoid aliasing difficulties) were used to calculate average density profiles using CEAS software 38 .
Definition and significance estimation of allelic skew. The definition of allelic skew is based on the distribution of unique fragments (excluding PCR duplicates) in the allele-specific experimental and input tracks. Allele-specific coverage tracks were queried for a given interval and the cumulative binomial probability estimated by normal approximation from the number of effective fragments based on the interval length and the median sequenced fragment size (200 bp). Skew is then defined as ranging from 21 (fully cas) to 11 (fully mus) and as shown in Fig. 1c and Extended Data Fig. 5a . For example, a threefold difference between alleles is expressed as a skew of (6) Fig. 8 ). Correlations between Xist CHART samples were evaluated using Pearson's r and presented as scatterplots or heat maps. Pairwise comparisons of Xist, EZH2, H3K27me3 and H3K4me3 coverage densities were also used for linear regressions shown in scatter plots (Fig. 2b) . For correlation of Xist segment density maps with various genomic features (Fig. 1h) , the density of each feature was calculated for the same 40-kb, 200-kb and 1-Mb bins and Pearson's r was determined for all pairwise comparisons and displayed as a heat map (Extended Data Fig. 5b ). Dendrograms are shown where hierarchical clustering was performed based on distance matrices, and the resulting clusters were consistent across a range of bin sizes. Genomic features annotated in the mm9 reference were obtained via the UCSC table browser and included genes (RefSeq), repeats (RepeatMasker), GC%, CpG islands and conservation 39 . In addition, peaks of DNase hypersensitivity 40 , replication timing 41 , lamin-association 42 and HiC data from the Xist locus viewpoint 18 were queried for correlation with Xist segment density maps in this fashion. LINE1s were queried using all annotations (Fig. 1h , Pearson's r 5 20.54 with Xist CHART d7 ES) or single, merged annotations (r 5 20.56). Moreover, repetitive sequences were aligned to the full murine RepeatMasker database and fraction of all hits compared between Xist d7 cells and corresponding input sample (Extended Data Fig. 5c ).
Comparison of Xist spreading patterns. To assess the degree of Xist spreading and compare spreading patterns across samples, we focused on chromosomal regions where fully differentiated MEF cells had tenfold greater Xist signal (defined above) than d7 cells, which represent the intermediate stage of Xist spreading. We refer to these regions as ''late'' domains, and to other chromosomal regions as ''early'' domains. For each sample, we normalized both early and late domain signals to the median of the early domain signal. We then plotted these normalized early and late domain signals (Fig. 3g, Extended Data Fig. 7c ), and evaluated differences between samples were assessed using the one-sided Wilcoxon test. Table 2 and the locations of qPCR amplicons are indicated in a-c. pro, promoter; coding, coding region; cas, cas (Xa)-specific; mus, mus (Xi)specific. Allele-specific qPCR results shown in red/blue (mus/cas). Autosomal active and inactive genes were used as negative controls (Actb, Scn2a1, U2). Yields determined relative to input DNA. Consistent with CHART-seq results, promoter regions of Kdm5c and Ddx3x showed higher Xist signal than corresponding coding regions. Xi-specific enrichment of Xist was only observed at the 39 region of Eif2s3x, but not at the coding region of Kdm5c. e, Metagene analysis of Xist density across XCI-repressed and escapee genes. Normalized composite density from Xist CHART using post-XCI (MEF) cells was smoothed (2,000-bp windows, sampled every 50 bp using SPP software 29 ) and averaged across genes on the X that are either repressed (black, defined by those that are active on the Xa but not on the Xi in MEF cells) or escape XCI (red, excluding escapee genes at the Xic). Repressed and escapee genes were determined previously 9 . Profiles calculated using the CEAS software 38 package with default settings.
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Extended Data Figure 6 | Xist binding correlates with previously identified moderate EZH2 sites. a, Normalized read densities of Xist, EZH2 and H3K27me3 on chromosome 13 in d7 cells shown as in Fig. 2a . b, c, Overview of the correlation of Xist RNA with PRC2 and H3K27me3 on the X chromosome and chromosome 13 in d0 (b) and MEF (c). Xa and Xi allele specific and composite (comp) tracks for Xist, EZH2 and H3K27me3 are displayed as in Fig. 2a . d, Strong EZH2 sites have above average ChIP-seq density compared to the broad EZH2 signals on the X in d7. Comp tracks are shown. Many of the strong EZH2 sites are present before XCI in d0 cells, therefore PRC2 can bind these sites independently of Xist 9 . e-g, Meta-site analysis of the average EZH2, H3K27me3 and Xist signals around strong EZH2 sites identified in d7 (ref 9). The strong enrichment of H3K27me3 signals at strong EZH2 sites are in agreement with the strong correlation of EZH2 and H3K27me3. h, The density plot of moderate EZH2 enrichment sites (blue) is consistent with the broad distribution of EZH2 on the X, and correlates with Xist in d7. Comp tracks are shown.
